Prospective epidemiologic studies have characterized major risk factors for incident diabetes by a variety of diabetes case definitions. Whether different definitions alter the association of diabetes with risk factors is largely unknown. Using 1987-1998 data from the ongoing Atherosclerosis Risk in Communities (ARIC) Study, the authors assessed the relation of traditional risk factors with 3 different diabetes case definitions and 4 fasting glucose categories. They compared the study protocol case definition with 2 nested case definitions, self-reported diabetes and a multiple-evidence definition. Significant differences in risk factor associations by case definition and by screening cutpoints were observed. Specifically, the magnitude of the association between the risk factors (baseline metabolic syndrome, fasting glucose, blood pressure, body mass index, and serum insulin) and incident diabetes differed by case definition. Associations with these risk factors were weaker with a case definition based on selfreport compared with other definitions. These results illustrate the potential limitations of case definitions that rely solely on self-report or those that incorporate measured glucose values to ascertain undiagnosed cases. Although the ability to identify risk factors of diabetes was consistent for the case definitions studied, tests of novel risk factors may result in different estimates of effect sizes depending on the definition used.
Multiple prospective epidemiologic studies have characterized major risk factors for incident diabetes. These studies have used a variety of criteria to define diabetes incidence including self-report, medication use, fasting or nonfasting glucose levels, and/or results from an oral glucose tolerance test. Of these, the oral glucose tolerance test is less common as it is difficult to implement in large studies, burdensome on the participants, and not routinely used to diagnose diabetes in the United States.
Three large, well-characterized studies-the Iowa Women's Health Study (1) , the First National Health and Nutrition Examination Survey (NHANES) (2) , and the Nurses' Health Study (3)-used self-report as the only criterion to identify incident cases of diabetes. Using NHANES data from 5 consecutive examinations , Gregg et al. (4) observed large increases in diagnosed diabetes in the overweight and obese, indicating potential diagnostic suspicion bias for obese individuals. In general, any individual characteristic that is associated with more frequent glucose screening or medical surveillance could bias the relation of diabetes with risk factors. If the case definition affects the magnitude and/or direction of associations between risk factors, such differences could be important in our understanding of the epidemiology of diabetes. Whether different case definitions alter the associations of diabetes with risk factors is largely unknown. We addressed this knowledge gap in the Atherosclerosis Risk in Communities (ARIC) Study by assessing the relation of traditional risk factors with 3 different diabetes case definitions and 4 fasting glucose categories.
MATERIALS AND METHODS

Subjects
The ARIC Study is an ongoing prospective cohort study originally designed to investigate risk factors of subclinical and clinical atherosclerosis, and it included rigorous measurements of cardiovascular and diabetes risk factors. ARIC Study investigators enrolled 15,792 participants, aged 45-64 years, from 4 field centers: Forsyth County, North Carolina; Jackson, Mississippi; the northwest suburbs of Minneapolis, Minnesota; and Washington County, Maryland. The ARIC Study has been described in detail elsewhere (5) . We analyzed data from the baseline examination in 1987-1989 and 3 triennial follow-up visits for a maximum of 9 years of follow-up for incident type 2 diabetes, as incident type 1 diabetes is unlikely in this middle-aged cohort. For the present analysis, we excluded persons on the basis of the following criteria: race other than black or white (n ¼ 48), blacks from centers with small numbers (n ¼ 55), missing baseline diabetes status (n ¼ 147), prevalent diabetes at baseline using the ARIC Study protocol case definition (n ¼ 1,863), and missing data to assess incident diabetes at all follow-up visits (n ¼ 879). The final analysis sample included 12,800 individuals without type 1 or type 2 diabetes at baseline and with a mean follow-time of 7.6 years.
Measurements
The risk factors examined in these analyses were ascertained at visit 1 (baseline), as described in detail in the ARIC Study manuals of operation (5) . Serum glucose was assayed by a hexokinase/glucose-6-phosphate dehydrogenase method, fasting serum insulin by nonspecific radioimmunoassay, and triglycerides and high density lipoprotein cholesterol by enzymatic methods. Individuals who had a parent with diabetes were taken to have a positive family history of diabetes. Body mass index was calculated as weight (kg)/height (m) 2 . Hip and waist circumferences were measured at the maximal protrusion of the hips and at the level of the umbilicus with the participant standing erect. Metabolic syndrome was defined as having 3 or more of the following factors: blood pressure 130/85 mm Hg, fasting glucose 100 mg/dL, large waist circumference (men: 102 cm, women: 88 cm), a low level of high density lipoprotein cholesterol (men: <40 mg/dL, women: <50 mg/dL), or triglycerides 150 mg/dL (6) . Medical and personal histories were ascertained via interview. Annual telephone follow-up maintained contact and assessed the health status of the participants.
Incident diabetes case definitions and fasting glucose categories
For this study, we compared 3 case definitions to define incident diabetes-the ARIC Study protocol case definition and 2 nested case definitions, self-reported physician's diagnosis and a multiple-evidence definition ( Table 1 ). The multiple-evidence case definition is the most stringent and includes those subjects with a minimum of 2 of the ARIC Study criteria, making it more specific but less sensitive. Self-reported diabetes was defined as a positive response to the question, ''Has a doctor ever said you had diabetes or sugar in the blood?'' The ARIC Study definition was used to determine prevalent diabetes. Additionally, we compared 4 fasting glucose screening categories: 126-129, 130-134, 135-139, and 140 mg/dL.
Statistical analysis
The date of diabetes incidence was estimated by linear interpolation using glucose values at the ascertaining visit and the previous one, as previously described (7). Multivariable analyses were performed to estimate associations of risk factors with different case definitions of diabetes. To formally compare these associations across case definitions while accounting for the lack of independence between the definitionspecific results, we used a hierarchical approach. Incident diabetes by each case definition was treated as a separate event, and these events, nested within each participant, were analyzed within 1 model. Generalized linear models using a Poisson distribution, a log-link, and log (time to event) as an offset and assuming an unstructured covariance matrix between events were used to estimate the association (incidence rate ratio) and test for statistical significance of the variation in these incidence rate ratios among the 3 case definitions. Generalized linear models were fit and tested by using the generalized estimating equation method (8) (PROC GENMOD; SAS Institute, Inc., Cary, North Carolina). These results were qualitatively confirmed by using a parallel hierarchical method with 3 (time-to-event/event) outcomes for each subject, Cox proportional hazard regression, and use of the generalized estimating equation approach implemented with the COVSANDWICH option in PHREG (SAS Institute, Inc.). The null hypothesis that baseline characteristics are the same across 4 fasting glucose categories was tested by a simple linear correlation between the glucose category and continuous variables or by the Armitage trend test in the case of binary variables. Models were adjusted for age, race, and sex. 
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RESULTS
Using the ARIC Study protocol case definition of diabetes, we found that there were 1,441 incident cases of diabetes over 9 years of follow-up out of 12,800 subjects who were free of diabetes at baseline. Of the 1,441 cases determined by the ARIC Study definition, 78% (n ¼ 1,126) of cases were initially detected solely by a fasting glucose measurement of 126 mg/dL, and 20% (n ¼ 293) self-reported diabetes status with or without the other criteria having been met. Of the remaining 2% (n ¼ 22), 21 were currently taking diabetes medication but did not self-report diabetes, and 1 had a nonfasting glucose measurement of >200 mg/dL. Of the incident diabetes cases who self-reported diabetes (n ¼ 293), selfreport was the sole criterion for 38% (n ¼ 112) with the other 62% (n ¼ 181) of subjects having met an additional criterion (i.e., high fasting glucose or diabetes medication use). Of the 1,441 incident diabetes cases, 186 were included in our multiple-evidence case definition with at least 2 of the 3 ARIC Study criteria being met: high fasting glucose, selfreported physician's diagnosis, or medication use. Table 2 shows baseline characteristics of the full cohort and all incident cases of diabetes as defined by the ARIC Study case definition. In addition, 2 nested case definitions of the ARIC Study-defined incident cases are shown, self-report and multiple evidence. Irrespective of the case definition used, subjects who had incident diabetes during follow-up had a worse baseline risk factor profile than that of the overall study population. At baseline, these subjects had greater adiposity, as indicated by a higher mean body mass index and waist/hip ratio; higher mean levels of fasting glucose, insulin, triglycerides, and blood pressure; and lower mean levels of high density lipoprotein cholesterol. In addition, they were more likely to have metabolic syndrome, to use hypertension medication, and to have a positive family history of diabetes.
Incidence rate ratios for the 3 case definition groups and major diabetes risk factors are listed in Table 3 . Significant differences between incidence rate ratios for the case definition groups were observed for metabolic syndrome, fasting glucose, systolic and diastolic blood pressure, body mass index, fasting insulin, and triglycerides. For metabolic syndrome, the incidence rate ratio (IRR) was lower in the selfreport group (IRR ¼ 3.2) compared with those of the ARIC Study (IRR ¼ 4.4) or multiple-evidence (IRR ¼ 4.5) groups. For baseline fasting glucose, the strength of association was graded across the groups with the highest rate ratio observed in the ARIC Study group (IRR ¼ 6.1), followed by the multiple-evidence group (IRR ¼ 4.3), and then the self-report group (IRR ¼ 3.4). A similar pattern was observed for systolic and diastolic blood pressure. For insulin, body mass index, and triglycerides, the associations were strongest in the multiple-evidence group and weakest in the self-report group.
To investigate the relation between risk factors and fasting glucose-screening categories, we compared baseline (visit 1) levels of risk factors with visit 2 incident cases (Table 4 ). Significant differences were observed for baseline body mass b ARIC Study: self-reported a physician's diagnosis of diabetes, reported diabetes medication use, or had a fasting glucose measurement of 126 mg/dL or a nonfasting glucose measurement of 200 mg/dL; self-reported: self-reported a physician's diagnosis of diabetes; multiple evidence: a minimum of 2 of the ARIC Study criteria listed above.
c Cumulative incidence at 9 years was computed by using the Kaplan-Meier estimator.
index and insulin, with higher levels observed in subjects identified above the highest fasting glucose category (140 mg/dL) compared with those identified with lower categories (126-139 mg/dL). The percentage of subjects whose diabetes status was unconfirmed at visit 3 or 4 decreased considerably at higher fasting glucose cutoffs.
To further investigate the extent to which incident cases are confirmed in subsequent visits, we compared incident cases from visit 2 who self-reported diabetes status (n ¼ 128) with those whose diabetes status was determined solely from elevated fasting glucose at visit 2 (n ¼ 603). We excluded 10 incident cases that did not fit in 1 of these 2 categories. Figure 1 illustrates the status of these cases at visit 3. For those who self-reported diabetes status at visit 2, 62% were considered diabetic, 19% were not considered diabetic, and 19% were lost to follow-up at visit 3. For those who were detected solely by an elevated fasting glucose level at visit 2, 52% were considered diabetic, 36% were not considered diabetic, and 12% were lost to follow-up at visit 3.
DISCUSSION
The ARIC Study is a large, community-based, longitudinal cohort well-suited for investigating the possible effect of applying different case definitions for incident diabetes in epidemiologic studies. The major study findings include statistically significant differences in risk factor associations by case definition and by fasting glucose screening cutpoints. The findings illustrate the potential limitations of case definitions that rely solely on self-report, as well as definitions that incorporate measured glucose values to ascertain undiagnosed cases.
The magnitude of the association of metabolic syndrome, fasting glucose, blood pressure, body mass index, and insulin on diabetes differed by case definition. In every case, the associations were weaker with self-report compared with the ARIC Study and multiple-evidence definitions. However, these differences for fasting glucose level are mostly a function of the case definitions that include fasting levels, as is the case for the ARIC Study and multiple-evidence case definitions. With the exceptions of glucose and blood pressure, the highest point estimates were observed for the multipleevidence group, which should have the highest specificity (i.e., least number of false positives). Given this pattern, tests of novel risk factors in studies defining diabetes with selfreport may result in false negative findings, a smaller number of events, and thus less precision. However, it is important to note that, although the magnitude of the association was attenuated in the self-report group compared with the others, the direction of the risk factor associations was consistent across case definition groups. Therefore, all 3 case definitions studied would be adequate to detect associations with major risk factors. However, the choice of definitions used could matter when evaluating new or novel risk factors that have weaker effects, as differences in the strength of association between definitions could mean the difference between statistical significance in 1 study versus no significance in another for studies of similar size. As one would expect, case definitions that included a fasting glucose criterion were more strongly associated with baseline fasting glucose compared with self-report. None of the observed differences in risk by case definition suggests the presence of diagnostic suspicion bias. If diagnostic suspicion bias were present, one would expect subjects with adverse risk factor profiles to be preferentially diagnosed in clinical care, thereby resulting in a higher incidence rate ratio in the self-report group. Without exception, the point estimate for each risk factor that differed by case definition was lowest in the self-report group. Our finding conflicts with observations from NHANES that reported secular trends in diagnosed diabetes in the overweight and obese (9) . One possible explanation for the disparate results is that ARIC Study subjects are older, and the last visit was in 1998, which means that increased surveillance would have had to occur prior to the last visit (i.e., early-mid 1990s). Although the NHANES used data from an overlapping time period , their ability to capture clinical practice changes in diabetes screening throughout the 1990s could be responsible for the observed findings. Furthermore, a previous ARIC Study observed that greater adiposity was strongly associated with initial delay in diabetes diagnosis (10).
Significant differences were observed across the 4 fastingglucose screening cutpoints and baseline risk factor levels. Those who were classified as incident diabetic at visit 2 because of a fasting glucose measurement of 140 had a more severe risk factor profile at baseline compared with those classified with lower cutoff levels. A higher proportion of subjects at lower glucose categories were unconfirmed at later visits (i.e., incident visit 2 cases who did not meet the criteria for diabetes in visit 3). This pattern suggests that greater misclassification of disease status, presumably reflecting more false positive results, may have occurred in the lower categories. An additional problem of fasting glucose is that it relies on self-reported fasting status that may be inaccurate for some people and contribute to misclassification.
Reliance on a self-report-only case definition excludes the large population of undetected diabetes cases in the population. Using the ARIC Study definition, 34% of the baseline diabetes cases were identified via a single fasting glucose measurement only. Fasting glucose-detected diabetes remained the predominant single criterion for incident diabetes diagnosis in all subsequent visits: 81%, 79%, and 69% of cases for visits 2, 3, and 4, respectively. One reason for this is because the fasting glucose cutpoint of 140 mg/dL was used clinically until 1997, near the end of ARIC Study visit 4, when it was lowered to 126 mg/dL (11) . This means that the percentage of ''undiagnosed'' cases using the 126-mg/dL cutpoint would likely be lower now than in the timeframe studied. However, the short-term variability in a single glucose measurement poses important issues for the use of glucose screening alone to define diabetes cases and to research how study glucose screening differs from a clinical diagnostic assessment.
Classification of diabetes based on a single fasting glucose measure may be subject to regression to the mean. Indeed, of the incident cases defined solely by fasting glucose for which there are follow-up data, 40% of visit 2 and 28% of visit 3 cases did not meet the standard ARIC Study case definition at a subsequent visit. The 2009 International Expert Committee on the Diagnosis and Classification of Diabetes Mellitus recently recommended that glycosylated hemoglobin (HbA1c) measurements 6.5% be used for the diagnosis of diabetes, as opposed to fasting glucose measurements (12) . An accurate measurement of HbA1c does not require fasting and, thus, eliminates misclassification due to inaccurate fasting status and reduces patient burden. Furthermore, HbA1c measurements are less variable between and within subjects (13), thus reducing misclassification due to measurement noise. The implications of this new recommendation will need to be evaluated further in epidemiologic studies; however, the improved sensitivity and specificity afforded by HbA1c may make this the future measure of choice in epidemiologic studies.
In conclusion, the magnitude of risk factor associations with incident diabetes differs by diabetes case definition and fasting glucose cutpoints. Associations with traditional risk factors were weaker with a self-report case definition compared with other case definitions, and the short-term variability of a single glucose measure is problematic. Although the ability to identify risk factors of diabetes was consistent for the case definitions studied, tests of novel risk factors may result in different estimates of effect sizes depending on the case definition used.
